This study deals with experimental thermodynamic and rheological characterization of kaolin. Water sorption isotherms of kaolin were determined for three temperatures (30, 50 and 70°C). Desorption isotherms were fi tted by using fi ve models (GAB, BET, Henderson modifi ed, Adam and Shove, Peleg) among the most used ones in literature. The GAB model was found to be the most suitable for describing the relationship between equilibrium moisture content and water activity for the whole range of temperature (30-70°C) and relative humidity(0-100%). Desorption enthalpy and entropy were determined. The desorption enthalpy decreases with increasing moisture content. The density and the shrinkage of the material and the Young's modulus variations as a function of moisture content were determined experimentally. The Young modulus varies between 0.1 MPa and 14 MPa. The viscoelastic parameters of kaolin were also determined by using a series of Prony.
INTRODUCTION
The basic process of drying is a necessary step in many industries sectors. Drying has to be performed for several types of deformable materials such as clays. The kaolin is frequently used as a model for the mathematical modelling of the drying process of deformable media because it is available, simple to manipulate and it is homogeneous and isotropic media. During the drying of such porous media, three types of transport can coexist: mass, heat and momentum transports accompanied by physical changes in the product. The kinetics of drying depends on the thermodynamic and physical properties of the product. Therefore the knowledge of thermodynamic and rheological properties of the product is an essential step in design and optimization of a drying process.
The moisture sorption isotherms express the hygroscopic equilibrium states of a given product. Their determination constitutes an important stage for better understanding of the product behaviour related to the modelling of drying processes 1 . In fact, using a suitable model for the analysis of experimental data is a key to the good assessment of the drying process.
The rheological, physicochemical and quality indicators of the product could be changed during drying. The identifi cation of the variation of mechanical properties of deformable media during dehydration is essential for further modelling investigation. For example, the Young's modulus is often taken as constant parameter in the models dealing with drying 2, 3 . Moreover, in the majority of drying models including shrinkage effects, the mechanical behaviour of materials is generally characterised by elastic behaviours
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. Many authors
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found that most products cannot really fi t into this simple model and propose complex models which take into account the variation of many parameters (young modulus, diffusion coeffi cient, density,…) with moisture content, temperature and drying time.
The present study deals with experimental characterisation of kaolin during convective drying. The essential characteristics of the clay product were investigated. The desorption isotherms of kaolin were determined at 30, 50, and 70°C. Several models were used to fi t the experimental results. Enthalpy and entropy of desorption were deduced from desorption isotherms data.
The relation between the product density and moisture content is determined and the shrinkage is evaluated. The Young's modulus variation of kaolin as function of moisture content was calculated and the relaxation function of kaolin was identifi ed in order to suggest a generalised Maxwell model describing the viscoelastic behaviour of the clay.
MATERIALS AND METHODS

Product identifi cation
The kaolin used in this study is a commercial clay (K7375 Sigma Aldrich®, France). The mineral characterization of kaolin was made by using Analytical diffractometer (X'PERT Pro PAN) with Cu Ka radiation k = 1.5418 Å
Sorption isotherms
The desorption isotherms were determined using the standard gravimetric method, in which the weight was monitored discontinuously within a standard static system of thermally stabilized desiccators. This method was recommended by the COST 90 project 15 . The samples are previously saturated with water. The samples of the material under investigation are placed inside a desiccator of specifi ed relative humidity. A range of a relative humidity varying from 0.6 to 98.1% was provided by using a sulphuric acid solutions 16 . The desiccators were kept in temperature controlled cabinets at constant temperatures of 30, 50 and 70°C. The samples reach equilibrium after one or two weeks. The equilibrium was considered reached, when a constant weight is obtained (±0.001 g). The dry mass was determined by drying samples in a conventional oven at 105°C for 24 h.
Product density
The relation between the apparent density of the product and its moisture content was investigated by means of an apparatus based on Archimedes's law. The volume of the sample is determined by measuring the difference in weight of that sample above and under water. The sample is coated with paraffi n to prevent the uptake of water.
The variation of specifi c volume reduced to the unit of dry mass (m 3 /kg) with the moisture content, according to others works 5, 17-19 is plotted in Figure 1 . Linear variation for high moisture content and a constant value for low moisture content:
The test was undertaken on a cylinder of kaolin (diameter = height = 15 mm). The test performed for the determination of the relaxation function consists on applying a compression (strain rate 0.9% to stay in the fi eld of linear viscoelasticity) and controlling the evolution of the resulted stress. The test is stopped when the stress value is kept constant. Figure 3 show the X-ray diffraction pattern of kaolin clay. It mark the presence of an intense peak characteristic of kaolinite (001) = 7.16 Å and the presence of a quantity of illite (10 Å). Fractions of quartz, feldsparth and dolomite are also detected. where ε is the shrinkage coeffi cient, the specifi c volume at material moisture content w, the specifi c volume of material at moisture content w = 0,  is the apparent density of the material and  s is the apparent density of the solid phase defi ned as Thus:
EXPERIMENTAL RESULTS
Mineral characterisation of kaolin
(3)(4)
Young's modulus determination
Experimental studies dealing with the mechanical characterisation of kaolin have focused mainly on the determination of the Young's modulus and its variation with moisture content. Uniaxial compression tests were undertaken on kaolin clay having different moisture content by using a traction/compression machine (LRX Plus, Lloyd Instruments). Tests were applied on cylindrical samples (diameter = height = 0.01m) with a small displacement rate of 0.1 mm/mn in order to avoid a brutal rupture of the samples. The Young's modulus is defi ned as were σ is the uniaxial compression stress and ε is the strain.
Relaxation function determination
The determination of the relaxation function is essential to study the viscoelastic behaviour of kaolin clay. The relaxation test (Fig. 2) is performed by imposing suddenly a deformation, and then it is kept constant over time. The resulting stress gradually decreases over time. The stress drops while the viscoelastic deformation remains constant.
The X-ray diffraction pattern of an oriented blade of kaolin (KN) observed in fi gure 4 confi rms the existence of a signifi cant fraction of kaolinite, equidistance 7.13 Å in the (001) plane, which was unaltered in the presence of ethylene glycol (KG) and disappears after heating at 500°C (KC). Illite peak is also observed (10 Å) and whose equidistance remains unchanged in all three cases.
Sorption isotherms
Desorption isotherms of kaolin at three temperatures (30, 50, 70°C) are presented in Figure 5 . The fi gure shows a sigmoid shape. The equilibrium moisture content decreases with the increasing of temperature. This behaviour is typical of many products such as plants, foods and clay materials. The power desorption of kaolin is low by comparison with other types of clays such as bentonite moisture content calculated from the regression model. N is the number of experimental points and d f is the number of degree of freedom defi ned as the difference between the number of experimental points and the number of parameters in the particular model. Another measure of the "goodness of fi t" is the correlation coeffi cient expressed as Where w m,exp is the experimental mean moisture content defi ned as
The value of models parameters and the corresponding statistical parameters obtained for the fi tting kaolin desorption isotherms are presented in Table 2 . They show that the models of GAB and modifi ed Henderson are well suited to kaolin, with a relative error between the theoretical and experimental values, respectively, lower than 6% and 3.5%. The results of BET, Henderson modifi ed, Adam and Shove and Peleg Models of are not satisfactory (relative error close to 40%).
The GAB is the best model for fi tting kaolin sorption isotherms with a correlation coeffi cient close to the unit and standard error values relatively low. This result is in concordance with other works 20, 21 which deal with clay. A comparison between the GAB model and the experimental sorption data are shown in Figure 6 .
Isosteric heat of desorption and desorption entropy The operation of drying is accompanied by the heat required to remove water from the material. The heat of desorption is defi ned as the increase in enthalpy when 1 mole of a substance is desorbed from another at a constant pressure.
The net isosteric heat of desorption or enthalpy of desorption (∆H s ) is defi ned as the difference between the total isosteric heat of desorption and the latent heat of pure water. It can be determined from moisture desorption data using the following equation which is derived from the Clausius-Clapeyron equation 38 : 
Modelling
Many models have been reported in literature to mathematically express the relation between the water activity and the equilibrium moisture content of a product. These models can be theoretical
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, semi-theoretical 28, 29 or empirical 30, 31 . The choice of an appropriate model depends on a number of factors such as the area under study 32 . The models that are used to describe the sorption behaviour of kaolin clay are summarised in Table 1. For regression curve fi ts, error is assessed using the standard error S and correlation coeffi cient R. The standard error of the estimate is defi ned as follows:
Where w eqi,exp is the i th experimental value of equilibrium moisture content. And w eqi,pre is the i th value of
Desorption entropy
Entropy at any temperature is equivalent to the lost work and gives a measure of the energy that is not available to perform work. Entropy may be associated with the binding, or repulsive, forces in the system and is associated with the spatial arrangements at the watersorbent interface. Thus, entropy characterises, or defi nes the degree of order or randomness existing in the watersorbent system and helps interpretation of processes such as dissolution, crystallization and swelling 40 . The desorption entropy is deduced from the sorption entropy using the following relation:
(6) Figure 8 shows the desorption entropy as a function of moisture content. The results showed the strong depend-ΔH s is the isosteric enthalpy of desorption which can be evaluated from the slope of the curve of (1/T; ln a w ) for fi xed values of moisture content .
The values of determined desorption enthalpy are presented in Figure 7 . The isosteric heats of desorption have a strong dependence on moisture content, with an increase of the energy required for desorption (in excess of the latent heat) at low equilibrium moisture contents. For little values of moisture content, the water is strongly bound to the material. For this reason, the corresponding desorption enthalpy is very high, it was 10 5 J/mol at moisture content of 0.01 kg/kg d.b. Whereas, for higher moisture content the energy required for water evaporation is very low because the product contains a lot of free water easy to remove. An almost constant energy input of 3126 J/mol is needed to desorb moisture from kaolin clay above moisture content of 0.04 kg/kg d.b. The experimental values of the isosteric heat obtained in this work follow the trend of curves found by other authors in clay and food material 20, 21, 39 . Density and shrinkage Figure 9 shows the evolution of the density of kaolin as a function of moisture content.
It is interesting to note that the density increases at the beginning of drying, reaches a maximum at a moisture dominates a decrease in the density. These results are consistent with other works 5, 18, 22 .
Specifi c volume and shrinkage
The variation of the specifi c volume can be determined from the evolution of the density. Figure 10 shows that the variation specifi c volume of kaolin as a function of water content follows an additive law for values of moisture content above 0.26. Above this value, the specifi c volume is written as:
Then and 
Young's modulus determination
During a compression test the kaolin sample exhibits an elastic linear stress-strain relationship up to a welldefi ned yield point. The linear portion of the curve is the elastic region and the slope is modulus of elasticity or Young's modulus (Fig. 11 ). Young's modulus and yield stress of kaolin depend on the moisture content.
In several researches concerning material rheology, the relaxation function E(t) of a viscoelastic material is represented by the following Prony series 41, 42 (10) With E ∞ is the long term modulus once the material is totally relaxed, where E i represents the stiffness of the spring in the ith Maxwell branch, and τ i is the relaxation time constant of the spring-dashpot pair in the same branch.
is the reverse of the relaxation time constant of the spring-dashpot pair in the same branch.
The determination of E ∞ , E 1 ,..., E N,… β 1.. β N were made by using a non-linear least squares procedure. For various moisture contents, all the characterizations show that three Maxwell modules are suffi cient to describe the clay viscoelastic behaviour. Hence, three elastic modules and two characteristic times are evaluated from fi tting relaxation curves ( Fig. 13 and Table 3 ).
(11)
The kaolin can be fi tted with Maxwell model with three branches as shown in Figure 13 Table 3. The results of fi tting of the experimental relaxation function of kaolin with a series of Prony The variation of Young's modulus as a function of water content is presented in Figure 12 . Young's modulus varies from 13 MPa for w = 0 to 0.1 MPa for w = 0.4 kg/kg d.b. For low moisture contents, the variation of Young's modulus as a function of moisture content is negligible seen that for low moisture contents the solid skeleton imposes the behaviour of the product (non deformable). Whereas, for high moisture content, the variation of Young's modulus depends strongly on the moisture content because the material become deformable. Therefore, the moisture content plays an important role in the behaviour of the product. These results were observed confi rmed by other authors for similar clays
5
.
Relaxation function
The experimental variation of the relaxation modulus versus time was presented in Figure 13 . Two elastic modules are predominant: instantaneous elastic modulus E1 and modulus E2 associated with the characteristic times 37 and 5000 s. Those characteristic times are short compared to the total drying time so stress relaxation can occur.
CONCLUSION
This work presents the variations of thermo-physical and rheological properties of kaolin as a function of moisture content. The desorption isotherms of kaolin were determined for three temperatures (30, -2 ). The isosteric enthalpy and sorption entropy were also determined and show a decrease with moisture content. Density and shrinkage were determined in order to foresee the variation of kaolin volume. Mechanical characteristics such as Young's modulus and relaxation function of kaolin were identifi ed. The results show that the kaolin Young's modulus varies considerably with moisture content, especially for high values of moisture content. Relaxation test allows the determination of viscoelastic parameters of kaolin and consequently to describe more the real mechanical behaviour of the product.
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